In this work, contact angle measurements for soot samples collected from a kerosene lantern, wood-burning fireplace, and municipal bus engine exhaust lines are reported. Contact angles for both freshly collected soot and samples treated with various doses of O 3 (g), HNO 3 (g), and H 2 SO 4 (g) are considered. Use of a literature method has allowed estimation of the enthalpy of immersion (H imm ) for the soot samples based on contact angle observed. Contact angles for freshly collected soot were 65 -110 deg. indicating its hydrophobic nature. Chemical processing of soot usually resulted in smaller contact angles and large increases in immersion enthalpy. However, the dose of ozone, nitric or sulfuric acid vapor required to achieve alteration of the soot surface appeared to be considerably larger than that expected to be experienced by authentic atmospheric samples during the soot particles lifetime. The most significant variability of soot contact angle was observed for the municipal bus exhaust samples, suggesting that combustion chemistry may significantly affect wetting behavior.
Introduction
Atmospheric nanosphere soot (ns-soot) a.k.a. refractory black carbon (rBC) is formed during incomplete combustion. Soot is frequently composed of grape-like aggregates of primary particles (approx. 20 -50 nm diameter) linked together to form long chains that can reach several micrometers in length. Soot primary particles can be thought of as a mixture of sp 3 hybridized carbon combined with highly strained graphitic sp 2 layers required to conform to the spherical geometry of particles. The sp 2 graphitic layers or islands are responsible for the strong light absorbing properties of soot and are quite stable to chemical attack. While soot particles are insoluble in most solvents (including water) we have become interested in understanding how atmospheric soot particles behave within or on the surface of micrometer-sized droplets of solvent. The essential question is whether soot particles fully immerse within liquid droplets, or remain on the surface of the liquid. Such details are crucial for developing a better understanding of the chemistry of the droplets, and for understanding the environmental impacts of light absorption by soot in Earth's atmosphere. Existing literature portrays a mixed picture. Chylek and Hallet [1] report soot produced from acetylene combustion remains partially submerged at the surface of aqueous droplets for many hours. Popovicheva et al. [2] report photographs depicting soot at the droplet surface for certain types of soot, but immersion occurring for soot from alternate sources. Recent field measurements of light absorption by soot at high relative humidity best agree with the immersion model on average, however, the authors also reported periods of time during which data was inconsistent with immersion occurring [3] .
Towards the goal of fully understanding the interaction of soot with water droplets,
we have studied the water contact angle of pelletized soot measured via the sessile drop approach. In addition to untreated samples, the soot has been subjected to simulated [7] and Bradley et al. [5] .
A similar chemical transformation has recently been studied intensely within nanomaterials research. Many papers report on the conversion of graphene to "graphene oxide" through chemical oxidation. The proposed structure for graphene oxide is drawn in Figure 1 graphene, or at lattice defects, carboxylic acid group are thought to be present. Such transformation is important within the nanotechnology field since graphene oxide is considered water-soluble (although dispersible may be better terminology). Wang et al. [9] (g) [10] . Liu et al. [11] found that the surface of a soot surrogate (Printex U) exhibited 
Methods

Soot Samples
We have analyzed several different soot samples. Kerosene lamp soot was produced by burning Coleman fuel in a wicked lantern (Walmart). Soot produced by this technique is known to be largely uncoated and composed of primary particles of approx. 40 nm diameter [12] . We also obtained soot from the chimney of a residential wood-burning fireplace (here called fireplace soot). This soot sample was scraped from the chimney wall, and collected into a small plastic vial for analysis. Diesel soot samples were col- A fourth sample was removed from a metal diesel particulate filter. The soot on this filter was produced from burning low sulfur #85 Diesel. After collection, the samples were filtered through a 250 μm sieve to remove any large debris. Each sample was stored in a small plastic bottle (under air) until analysis.
The Preparation and Chemical Treatment of Soot Samples
Soot pellets were prepared by manually compressing a small amount of a soot sample between sheets of aluminum foil prior to exposure with reactive gases. All experiments were carried out at laboratory pressure (0.91 atm) and temperature (295 K).
Soot samples were exposed to ozone within a 3.6 m 3 chamber lined with FEP. Ozone was produced from zero air (flow rate is 2.25 L/min) using a photolytic ozone generator, and then added to the chamber. Meanwhile, filtered air at a flow rate of 1 L/min was also added into the chamber to dilute and circulate/mix the ozone. The concentration of ozone was monitored with a 2B Technologies ozone sensor. The soot pellets were placed into the chamber when the ozone concentration reached 5000 ppbv, and the concentration of ozone was recorded every 10 minutes to determine the dose experienced by the soot pellet. The concentration of ozone typically increased during the experiment and reached levels as high as 14,000 ppbv. The soot samples were not directly illuminated during the experiment. Dose of ozone, nitric acid, and sulfuric acid vapor (ppm sec) were calculated by multiplying exposure time (sec) by observed concentrations (ppm).
In a separate set of experiments, pelletized soot samples were exposed to HNO 3 (g) within a glass dessicator placed within a fume hood. Nitric acid vapor was produced from outgassing of a few mL volume of a concentrated 68% -70% w/w solution of nitric acid also placed within the dessicator. The dessicator lid was left slightly ajar to allow a capillary sample inlet tube for a residual gas analyzer (RGA) to enter the dessicator. The concentration of vapor phase HNO 3 was estimated through use of a residual gas analyzer (RGA, Extorr Inc.). This was accomplished by monitoring the peak for 2 NO + at m/z = 46. This peak has previously been observed as the base peak for the electron impact spectrum of HNO 3 [13] and is believed to result from fragmentation (HNO 3 → OH + NO 2 ) in the source. We then ratio the m/z = 46 peak to that observed A third set of conditions exposed soot pellets to sulfuric acid vapor within a sealed glass dessicator. Briefly, a 96% wt/wt sulfuric acid solution was placed in the bottom of the dessicator and the soot pellet was placed within the head-space of the solution such that the soot was only exposed to the vapor. The dessicator was sealed, and the vapor-liquid equilibrium condition was sought over 3 h periods of time. At each 3 h time increment, the water contact angle was measured. Sulfuric acid is far less volatile than nitric acid (sat. vapor pressure of 1.8 × 10 −8 bar or 17.7 ppbv) [15] and the concentration could not be directly measured by techniques available in our laboratory. Instead, we use the saturation vapor pressure for estimating dose of H 2 SO 4 (g) vapor applied to soot samples. Since, the dessicator seal was broken every 3 hours to remove samples for analysis it is likely our reported doses are slightly high since the vapor would be diluted with room air when the seal is broken, and some amount of time would be needed to reestablish phase equilibrium. As a result, the sulfuric acid vapor doses reported within are also subject to significant uncertainty.
The Measurement of Contact Angle
Soot pellets were placed on the surface of a small aluminum cube and a drop of water was carefully added onto the surface of the soot pellet. Then, photographs of the soot surface and drop were quickly acquired with a digital camera (Panasonic, DMC-FX 48) mounted on a tripod. Only the initial contact angle was reported. Image J freeware (http://rsb.info.nih.gov/ij/index.html) was used to determine contact angle (angle can be directly read from this software). Enthalpy of immersion for each soot sample was then computed using Equation (1). data for several soot samples tested and comparison data from previous literature [16] .
Results and Discussion
Contact Angle and Wetting of Soot Untreated Samples
The samples tested exhibited a variety of initial contact angles. Both kerosene soot and fireplace soot always exhibited initial contact angles near 100˚. However, the diesel engine soot samples were far more diverse yielding contact angles from > 100˚ to approx.
65˚. This is particularly interesting because three of the four samples were obtained from engines that burn identical fuel.
The range of contact angles observed is very similar to values Persiantseva et al. pellets became hydrophilic and exhibited contact angles < 45˚. Two soot samples did not support formation of a droplet (full wetting) after ozone treatment. These observations are largely consistent with the hypothesis that soot surface modifications can drive surface wetting. We note that the dose of ozone used in these experiments was generally far in excess of what might typically be encountered in the atmosphere. A second x-axis has been added to Figure 3 that lists the projected atmospheric aging time required to achieve the dose used in the experiment assuming a typical daylight tropospheric concentration of ozone (40 ppb). Since a typical soot particle may have an atmospheric residence time of < 10 days, and diurnal mean O 3 concentration will likely be less than 40 ppbv, it is unclear whether the action of gas-phase ozone is sufficient to extensively modify the soot surface and dramatically affect wetting during a soot particles atmospheric lifetime.
Contact Angles for Soot Treated with Ozone
Contact Angles for Soot Treated with Nitric Acid Vapor
A similar set of experiments has also been carried out in which soot pellets were treated with gas-phase HNO 3 produced from the headspace vapors of a ca. 70% solution of nitric acid. Figure 4 reports contact angle and H imm data for the soot samples as a function 
Contact Angles for Soot Treated with Sulfuric Acid Vapors
Another set of experiments investigated whether treating pelletized soot with sulfuric acid vapor affects wetting behavior. In this set of experiments the soot was placed within a sealed dessicator containing 97% sulfuric acid solution at 20˚C -25˚C. The partial pressure of sulfuric acid in the vapor phase used to treat the soot could not be directly measured using technology our laboratory possesses. Because of this, we must estimate the vapor phase concentration through literature reports of the sulfuric acid saturation vapor pressure. W. Roedel [17] reported the vapor pressure above a 99% solution of sulfuric acid to be about 32 ppbv (2.5 × 10 −5 torr, at 23˚C) while the work attributed to Perry [15] suggests 17.7 ppbv as the saturation vapor pressure of a 96% solution at 20˚C. We have adopted the 17.7 ppb estimate since it matches our experimental concentration and temperature conditions. Since atmospheric levels of H 2 SO 4 (g) are believed to often be < 10 7 cm −3 with levels never exceeding 5 × 10 7 cm −3 or approx. 2 ppt While a slight downward trend in the contact angle is noted as applied dose increases, by in large, the sulfuric acid treatment increases hydrophilicity of the soot surface only marginally.
Conclusions
Treating a variety of soot samples with gas-phase ozone, nitric acid and sulfuric acid almost always reduced the water contact angle and increased the wetting of soot surfaces. However, the very large doses of these reactive gases required to observe significant changes in wetting raises some doubt as to whether the modification of soot surfaces proceeds appreciably via vapor phase atmospheric processing with the substances tested during a typical soot particles lifetime (<10 days). However, alternative chemical mechanisms may exist to modify soot particle surfaces that have not been considered here. In addition, illumination of the soot may play a key role in the process (illumination was not carried out in this study).
One factor that made a large difference in water contact angle was the source of the tested can achieve during a typical particle lifetime in the atmosphere. Therefore, the results suggest the surface wetting behavior of soot is largely determined at the source and at the time of emission into the atmosphere. This result may not be terribly surprising. Several authors have previously reported dramatic differences in soot reactivity and microstructure for differing combustion conditions [20] [21] [22] [23] . In addition, Persiantseva et al. [16] observed soot contact angles that varied between 60˚ -80˚ depending on source and fuel type. We also clarify that surface wetting/immersion is a different physical phenomenon compared with an internally mixed soot particle accu-mulating aqueous phases by virtue of other hygroscopic materials. Finally, contact angle results for the fresh and aged soots are very similar to measurements for graphite and graphene oxide reported in previous literature, so these materials may be good surrogate surfaces for describing soot surface aging/wetting.
Our experiments have several limitations that should be reported. As previously mentioned, the dose of sulfuric acid has been estimated based upon previously reported values of vapor pressure and not measured. As a result, the dose reported within figures is highly uncertain. Next, our experiments did not actively illuminate the soot surfaces with light. When dispersed in Earth's atmosphere, sunlight may influence the surface chemistry of soot and yield more rapid surface modification compared to that which we report within. This could lead to more rapid surface modification reactions. We have also not performed soot pretreatment or chemical analysis on the tested samples, nor have we compressed the soot pellets to a specific, well-controlled pressure prior to contact angle measurements. All of these factors may potentially influence results.
